The temperature-dependent longitudinal spin Seebeck effect (LSSE) in heavy metal ðHMÞ=Y 3 Fe 5 O 12 (YIG) hybrid structures is investigated as a function of YIG film thickness, magnetic field strength, and different HM detection materials. The LSSE signal shows a large enhancement with reductions in temperature, leading to a pronounced peak at low temperatures. We find that the LSSE peak temperature strongly depends on the film thickness as well as on the magnetic field. Our result can be well explained in the framework of magnon-driven LSSE by taking into account the temperature-dependent effective propagation length of thermally excited magnons in the bulk of the material. We further demonstrate that the LSSE peak is significantly shifted by changing the interface coupling to an adjacent detection layer, revealing a more complex behavior beyond the currently discussed bulk effect. By direct microscopic imaging of the interface, we correlate the observed temperature dependence with the interface structure between the YIG and the adjacent metal layer. Our results highlight the role of interface effects on the temperature-dependent LSSE in HM/YIG system, suggesting that the temperature-dependent spin current transparency strikingly relies on the interface conditions.
I. INTRODUCTION
The spin Seebeck effect (SSE) describes the phenomenon that spin currents can be thermally excited by a temperature gradient across a magnetic material [1] [2] [3] . These spin currents can be injected into an adjacent heavy metal (HM) layer with a high spin-orbit coupling, which allows one to electrically detect the spin currents due to the inverse spin Hall effect (ISHE) [1] [2] [3] [4] [5] [6] [7] [8] [9] . The SSE has been observed not only in metals [1] and semiconductors [2] , but also in magnetic insulators [3, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Recently, related effects have also been observed in paramagnetic and antiferromagnetic materials [19] [20] [21] . Thus, the SSE effect is relevant for a large class of materials and it is of key importance to determine the effects of the spin current generated in the bulk of a material and the spin transport across its interface. In a magnetic insulator, the excitations of the localized spin-polarized electrons are the primary source of spin currents due to the absence of itinerant electrons. The injected thermal energy can propagate only through quasiparticle excitations of either the magnetization (magnons) or of the real space atom displacements (phonons). It is crucial to have a thorough understanding of relevant interactions between magnons and phonons and the corresponding length scales that govern magnon transport. The first report of a giant enhancement of transverse SSE (TSSE) in LaY 2 Fe 5 O 12 at low temperature was published by Adachi et al. [10] . However, results of the TSSE have been controversial as, for instance, in Ref. [22] the signals were claimed to be dominated by the anisotropic magnetothermopower. No experimental method has been capable of directly observing this temperature difference of magnons and phonons so that the origin of the TSSE signals, particularly over long length scales, is still unclear. In particular, it is challenging to generate only pure in-plane thermal gradients without out-of-plane components, which then lead to parasitic effects. Therefore, most recent studies have focused on the longitudinal configuration where a low-temperature enhanced SSE signal was also observed in Y 3 Fe 5 O 12 (YIG) single crystals [12] . However, there is no consensus on the explanation based on magnon-mediated theory [11] as well as a phonon-drag SSE scenario proposed to explain the experimental results at low temperature. Similar to the previously known phonon-drag for the conventional Seebeck effect, a temperature dependent phonon lifetime can play a role, as it reaches a maximum at low temperatures, leading to a peak of the thermal conductivity similar to the peak observed for the SSE. Based on this observation, a strong interaction between phonons and magnons was proposed with the phonons "dragging" the thermally excited magnons, thereby enhancing the pumped spin current into the detection layer. The phonon-magnon coupling has thus been suggested to explain the observed enhancement of the SSE signal at low temperatures [11] [12] [13] [14] . Recent measurements of the temperature-dependent thermal conductivity of YIG single crystals show that the phonon contribution to the thermal conductivity reaches its maximum at ∼25 K [14] , which is ∼50 K lower than the observed low-temperature SSE peak [10, 12] . Additionally, the magnon contribution to the thermal conductivity has been found to be less than 5% at 8 K and decreases rapidly with increasing temperatures [14] . As in insulating ferromagnets, the main decay channel of angular momentum is through magnon-phonon interactions. Without magnon conservation, one can deduce from the low damping of YIG a weak coupling between the magnons and phonons. In fact, the observed transport of magnons over a long distance in magnetic insulators also supports the notion of a relatively weak interaction with phonons and impurities [3, 13] . Therefore the validity of a phonon-drag SSE mechanism that uses strong phonon-magnon interactions to explain YIG's SSE temperature dependence is unclear. The genuine origin of the low temperature SSE enhancement needs to be clarified.
In addition to these discrepancies, the SSE signal is indirectly probed via the ISHE so that not only the bulk properties of magnetic materials can be important, but the injection efficiency of the spin current across the interface is also crucial. As recently observed, for metallic interfaces between a metallic ferromagnet and a nonmagnetic metal layer, interface effects can play a crucial role in determining the spin current effects and dominate the measured signals [23] [24] [25] [26] . However, the interfaces between metals are different from insulator-metal interfaces where coupling tends to be more localized. Although epitaxial growth of detection layers with large spin Hall angles on oxides, like YIG, are challenging, previous work has shown that the SSE signal can be enhanced when an atomically smooth interface with a preferred orientation is introduced [16] [17] [18] . At room temperature, it is known that different detection materials that possess different spin Hall angles can lead to different SSE signal amplitudes [6] . However, the process of spin transmission across the interface and, in particular, the temperature-dependent spin current transparency of interfaces, needs to be ascertained together with the atomistic interface structure to understand to what extent the interfaces play a role for the temperature dependence of the SSE.
In this paper, we study the temperature and magnetic field dependence of the longitudinal SSE (LSSE) in a YIG single crystal and thin films ranging from 150 nm to 50 μm in thickness. A giant enhancement of the LSSE signal is observed at low temperatures. We find that this LSSE peak shifts to a higher temperature as the film thickness decreases, and it shifts towards lower temperatures with increasing magnetic field. A simple phenomenological model is introduced to explain the observed thickness and field dependence by considering the temperaturedependent effective magnon propagation length. Surprisingly, we find a strong dependence of the peak temperature on the ISHE detection material, revealing that the temperature-dependent LSSE signal not only depends on the bulk thermal spin current, but also strongly relies on the interface coupling to the detection material, which has not been taken into account previously. By direct spectroscopic imaging we determine the interface structure and find that the interface termination is correlated with the measured temperature dependence of the signal.
II. EXPERIMENTAL PROCEDURE
The samples we use in the present study are YIG thin films grown on a (111)-oriented Gd 3 Ga 5 O 12 (GGG) substrate (5 × 10 × 0.5 mm 3 ) by liquid phase epitaxy (LPE) and a (111)-oriented YIG slab (5 × 10 × 1 mm 3 ). The thickness of YIG thin films ranges from 150 nm to 50 μm. The surface characteristics of the YIG samples and interface qualities are carefully checked by atomic force microscopy (AFM) and x-ray reflectivity (XRR) (see Appendix A). The rms roughness of all the YIG samples is less than 5 Å, providing a smooth surface for the further growth of the HM detection layer. Before the HM layer deposition, the YIG surface is treated by in situ heating and then followed by argon plasma milling in order to obtain a clean interface. A thin HM layer is sputter deposited on top of the YIG samples and then patterned into strips by optical lithography and ion beam etching. All the strips have the same geometry with a length of L ¼ 4 mm and a width of w ¼ 100 μm. Our LSSE measurements are carried out in the longitudinal configuration with the temperature gradient parallel to the surface normal (z axis) [7] . The samples are sandwiched between a resistive heater and a thermal sensor, and further mounted on a copper heat sink using thermally conducting grease. The temperature-dependent measurements are performed in a cryostat with a variable temperature insert. The thermal gradient can be varied by changing the heat currents (I heat ) of the resistive heater (for more details, see Appendix B). The in-plane magnetic field (H) is applied along the y axis, perpendicularly oriented to the long axis of the strips (x axis) in order to provide maximum signals due to the ISHE. H is strong enough to ensure full alignment of the magnetization in the YIG. The LSSE signal can be detected by measuring the voltage drop at the two ends of the strip. We use both the magnetic fieldsweep method and the temperature-sweep method to record the LSSE signals. The former method has been commonly used in previous reports [5] [6] [7] [8] [9] [10] [11] [12] [13] . The LSSE voltages flip sign when the direction of magnetic field reverses, allowing us to extract the V LSSE from the difference between two saturated LSSE signals; hence, V LSSE is calculated by V LSSE ¼ ½V LSSE ðþHÞ − V LSSE ð−HÞ=2. The latter method is to keep the magnetic field as a constant while the temperature is swept twice (first at þH, then at −H). The V LSSE -T curves are obtained by extracting the differences between V LSSE ðþHÞ-T and V LSSE ð−HÞ-T curves. We keep an ultraslow sweep rate with a temperature change of −0.25 K= min. This method provides sufficient time for the thermal equilibration between sample and cryostat during the temperature drop, yielding reproducible measurement conditions. In order to quantitatively compare the LSSE signals between different samples, the LSSE coefficients are calculated by σ LSSE ¼ ðV LSSE =ΔTÞ × ðL z =LÞ, where L z is the total thickness of the YIG slab or YIG/GGG samples. Transmission electron microscopy is conducted on a JEOL ARM200cF instrument, operated at 200 kV and equipped with a cold field emission gun. Thin lamella samples are prepared for TEM characterization on an FEI Nova Dualbeam focused ion beam system using standard "lift-out" protocols. Electron energy loss spectroscopy (EELS) and energy dispersive x-ray spectroscopy (EDS) are conducted on a Gatan Quantum spectrometer and Bruker X-Flash spectrometer, respectively. The latter are used for Pt mapping. Elemental maps are acquired using a combination of the spectrum imaging [27] and dual EELS [28] methodologies.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the temperature-dependent σ LSSE for a Pt/YIG slab. The LSSE signal gradually increases with a temperature decrease and exhibits a pronounced peak at around 75 K, which is qualitatively consistent with previous reports [10, 12] . We also repeat the LSSE measurements by sweeping the magnetic field at fixed temperatures. The results obtained by the field-sweep method are shown as open symbols in Fig. 1(a) . The good agreement between two measuring methods validates the reproducibility and reliability of the temperature-sweep results, which we use for all further measurements in this work. Figure 1 (b) shows the temperature-dependent σ LSSE for Pt/YIG samples with YIG thicknesses ranging from 150 nm to 50 μm. The low-temperature enhancement of the LSSE is observed for thicker YIG films and the amplitude of the LSSE peak is reduced as the film thickness decreases. The low-temperature LSSE peak positions are obtained from the Gaussian fits of each σ LSSE -T curve. We find there is no visible peak for the films with a thickness below 600 nm. The LSSE peak shifts to higher temperatures [shown in the inset of Fig. 1(a) ] and its width increases as the film thickness is reduced. To exclude any possible artifacts involved in the LSSE measurements, additional effects, which exhibit temperature dependences and may influence the LSSE peak positions, are analyzed. The temperature-dependent resistances of Pt strips are monitored simultaneously during the measurements.
The resistivity (R Pt ) of the as-deposited Pt layer is ∼5 × 10 −5 Ω cm at room temperature and shows a monotonic reduction as the temperature decreases. We calculate I LSSE (¼ V LSSE =R Pt ), yielding a shift of the peak temperature of ∼5 K, which is identical for all samples due to the similar nature of the metal stripes. Therefore, the remaining mechanisms responsible for the strong temperature dependence of the LSSE are the bulk effects in the YIG and the interface effects with the adjacent HM layers.
In the HM/YIG/GGG system, the total thermal conductivity is dominated by the YIG film and GGG substrate due to the much smaller thickness and higher thermal conductivity of the HM detection layer. We do not find a significant difference in the (perpendicular-to-the-plane) thermal conductivity for a HM/YIG/GGG system for different metals because the thermal transport is limited by the YIG/GGG [29, 30] . This means that the thermal gradient across the HM/YIG, which governs the thermally generated spin current, is not significantly impacted by the metal detection layer. In the YIG bulk material, phonons coexist with magnons and contribute to the thermal conductivity at all temperatures. Our recent measurements of the thermal conductivity as a function of temperature on these YIG samples reveal a minor shift of the peak position of the thermal conductivity with decreasing film thickness [30] . The absence of the pronounced thickness dependence of the thermal conductivity peak in combination with the large mismatch between both peak temperatures suggests a less important contribution of the phonon-magnon interaction than previously assumed for the transverse SSE in YIG. In other words, the strength of phonon-magnon coupling for the probed thermally excited magnons involved in our LSSE experiments is not strong enough to dominate the temperature dependence. Therefore, a more apt approach to explain the lowtemperature enhancement of the LSSE is to consider the concept of a magnonic spin current alone, based on the idea of a temperature-dependent effective thermal magnon propagation length that describes the propagation length of the combined thermally generated spin current and the detection mechanism of the spin current that is transmitted across the interface and detected by the ISHE [7, 31] . In our previous work, we demonstrated that the thermally excited magnons that contribute to the ISHE signals exhibit a finite propagation length [8] . This behavior is well described by an atomistic spin model, which is capable of describing a thermally excited magnon accumulation generated by the temperature gradient using [7, 31] 
where ξ is the characteristic length of the LSSE, regarding it as the effective propagation length of all thermally excited magnons, which arrive at the adjacent detection layers.
Figures 2(a)-2(c) present the σ LSSE as a function of film thickness at 300, 200, and 120 K. The σ LSSE increases gradually with increasing thickness and saturates above a critical thickness. The results are in good agreement with our previous findings [7] , indicating that only magnons excited at distances smaller than ξ from the interface can contribute to the detected ISHE signals. By fitting our results with Eq. (1), we can estimate ξ across the whole temperature range. The results are shown in Fig. 2(d) . We find a monotonic increase of ξ with decreasing temperature. By fitting a functional dependence of ξ ∝ T −n , we obtain an exponent n ¼ 0.97 AE 0.02, which is close to 1, a dependence expected, for instance, for inelastic scattering of bosonic quasiparticles. Ritzmann and co-workers [31, 32] have shown that ξ is inversely proportional to the Gilbert damping constant α ðξ ∼ α −1 Þ, revealing a longer propagation length with a lower magnetic damping. Previously, using a ferromagnetic resonance (FMR) setup, Jungfleisch et al. [33] had determined that the Gilbert damping parameter of the LPE YIG films is on the order of 10 −4 at room temperature. Note that FMR probes only the zone center magnons, which may not be the only ones involved in LSSE. However, the FMR results indicate the high quality of the material and the resulting low damping of LPE grown YIG films [33] . Additionally, Spencer and LeCraw [34] have shown that the magnetic damping constant α of a YIG single crystal depends approximately linearly on the temperature where our LSSE experiments are carried out (with slight variations due to the inherent microstructure defects). While the applicability of this temperature dependence for all thin films grown by different methods is not obvious, such a linear temperature dependence of the Gilbert damping in combination with its inverse proportionality leads to the observed ξ ∼ T −1 dependence, which agrees well with our experiments [ Fig. 2(d)] .
Having understood the origin of the temperature dependence of ξ, we can use this concept to explain the temperature dependence of the LSSE signals. For thick YIG films, ξ increases with decreasing temperature, so that more magnons can reach the detection layer, leading to an enhancement of the LSSE signal. In parallel, the total number of thermally excited magnons decreases as a function of temperature, which can be best approximated using the specific heat of the magnetic lattice. At a certain temperature, the increase of ξ is limited by the combined boundary scattering and magnon-phonon scattering mechanisms. At this temperature, σ LSSE reaches a maximum since the total number of magnons that can reach the Pt layer cannot increase further. At even lower temperature, ξ stays constant, while the amount of thermally excited magnons decreases, leading to a decrease of σ LSSE as the temperature decreases. Since ξ is limited in the thinner YIG films at higher temperatures, the peak temperature is shifted towards higher temperatures as film thickness decreases and the overall amplitude of the LSSE signal decreases as well. For YIG films showing an absence of a peak, ξ is of the order of the film thickness at room temperature, as shown in Fig. 2(d) , leading to a temperature dependence of the σ LSSE dominated by the total amount of thermal magnons in the system. Since the excitation of thermal magnons follows a Bose-Einstein distribution, it is smeared out for higher temperatures, leading to a broadening of the LSSE peak. This combination of a temperature-dependent ξ and the total number of thermal magnons can phenomenologically explain the presence of the LSSE peak and its thickness dependence. One needs to be cautious when comparing the propagation length of thermal magnons in our work and what is sometimes called magnon spin relaxation length. For instance, the "propagation length" in the works of Cornelissen and co-workers [35, 36] is a result of a measurement where the thermal magnons are generated at a fixed position, propagate in the ferromagnetic insulator, and are then detected at a certain distance. Only low-energy magnons which have long propagation length will be measured, while the high-energy magnons are damped out over the long distance. In our work, the generated thermal magnons of all energies arrive in the adjacent detection layer and contribute to the LSSE signal. Therefore, the effective propagation length we discuss in our work is a value that results from the whole magnon spectrum probed here and which is distinct from measurements in other geometries. Applying a high magnetic field can suppress low-energy magnonic excitations and thus provide a possible way to manipulate the magnon distribution in magnetic insulators [14, 37, 38] . In order to rule out any possible proximity effects [8, 39] , the temperature-dependent LSSE measurements are carried out using a Pt=Cu=YIGð50 μmÞ sample by inserting an ultrathin Cu interlayer with a thickness of 2 nm between Pt and YIG. Figure 3(a) shows the field dependence of the LSSE for Pt=Cu=YIGð50 μmÞ at various temperatures. The field suppression ratio Δσ LSSE ½¼½1 − σ LSSE ð9 TÞ=σ LSSE ð0.2 TÞ × 100% drops monotonically from ∼30% at room temperature to ∼9% at 30 K, as illustrated in Fig. 3(b) . The temperature-dependent LSSE under variable magnetic fields from 0.2 to 9 T is shown in Fig. 3(c) . We find a significant reduction of σ LSSE in an applied magnetic field at high temperatures, and the reduction becomes smaller with decreasing temperature, in agreement with the field-sweep measurements shown in Fig. 3(b) . Increasing the magnetic field also leads to a shift of the LSSE peak of ∼10 K towards lower temperatures. A possible magnetoresistance effect of the Pt detector and heater layers is monitored simultaneously during the LSSE measurements. The field-induced resistance changes are less than 0.04%, indicating a negligible impact on the observed field suppression of the LSSE signals. We find that our results cannot be explained by the opening of an energy gap for the thermally excited magnons (energy of the order of ∼kT), since our field suppression of the LSSE signal is observed even at room temperature, which is much higher than the predicted magnon gap opening temperature of ∼12 K at 9 T [38] . Therefore, we explain our observations based on the above-used temperature-dependent ξ. As we know, the low-frequency magnons dominate the LSSE signal and are sensitive to the applied magnetic fields [14] . These magnons are partially frozen out by the high magnetic fields, resulting in a reduction of ξ. Therefore, the field suppression of the LSSE can be observed even at high temperatures. Recently, Ritzmann et al. [32] have reported a larger field suppression of the LSSE in the thicker YIG films, whereas the LSSE signal of the YIG films with thicknesses below ξ is barely changed by an applied magnetic field. This thickness-dependent field suppression of the LSSE is in line with our results and interpretation. ξ increases as the temperature decreases, as shown in Fig. 2(d) . This temperature-induced enhancement of ξ counteracts the reduction of ξ caused by the high magnetic fields. As a result of these two competing factors, the field suppression of the LSSE signals is less pronounced for lower temperatures. The reduction of ξ becomes larger with higher magnetic fields, thus it counteracts the low-temperature ξ enhancement more effectively, leading to a smaller Δσ LSSE at low temperature and a shift of LSSE peak towards lower temperature. At very low temperatures, ξ stays constant and therefore the suppression of the SSE signal amplitude is mainly caused by the magnetic field-induced reduction of ξ, as reported in Refs. [37, 38] . Figure 3(d) shows the temperaturedependent V LSSE for different heating powers. We find that the LSSE peak temperatures stay constant, indicating that the intrinsic ξ is barely changed by altering ΔT. The magnitude of V LSSE increases linearly with increasing ΔT, since the ΔT applied here is small so that the LSSE stays in a linear response regime [40] . Our results thus demonstrate the validity of our finite effective magnon propagation length model, which holds for all thermally excited magnons accessible by the applied temperature gradients.
Having determined the effects resulting from the bulk magnonic spin current, we next investigate possible previously neglected interface effects on the temperaturedependent LSSE in the HM/YIG system. In addition to the Pt/YIG, we now introduce Pd and W as spin detection layers for comparison. A thin Pd and W layer is sputtered on the YIG surface (for more details, see Appendix A). The thickness of the Pd and W layer is set to be the same as for Pt (∼5 nm). After W is sputtered on YIG, it is later covered by a thin AlO x layer to prevent any oxidization of W in the ambient condition. The YIG films with a thickness of 50 μm are identical, taken from the same wafer to exclude any variations from bulk effects. Figure 4(a) [42, 43] . We now compare the LSSE peak positions and find that it varies strongly from 100 K in Pt/YIG to 56 K in W/ YIG and to 49 K in Pd/YIG. To understand the observation, several possible mechanisms related to interface effects that underlie the temperature-dependent LSSE are discussed. This difference could, firstly, be intuitively attributed to a difference in the temperature dependence of the spin Hall angle (θ SHE ) of the three HM layers. Tang et al. [44] report that θ SHE of Pd approximately linearly increases from 0.01 at room temperature to 0.02 at 130 K. On the other hand, θ SHE of Pt and W barely changes across the whole temperature range [41] [42] [43] . Secondly, the spin diffusion lengths (λ SD ) of the detection layers can be temperature dependent. The spin-injection efficiencies across the HM/YIG interfaces strongly depend on the backflow spin currents induced by the spin accumulation in the HM layers. These effects become more pronounced at low temperatures as λ SD increases with decreasing temperature [42] [43] [44] [45] [46] [47] [48] . This could explain the observed detection material dependence of the LSSE, as the temperature dependences of λ SD for different detection layers are found to be different. For Pt, λ SD is 2.0 AE 2.2 nm at 300 K and slightly increases to 3.4 AE 0.3 nm at 10 K [43] ; for Pd, λ SD is ∼9 nm at 300 K and increases to ∼25 nm at 4.2 K [45] ; while for W, λ SD is found to be 2.1 nm at room temperature and doubles its value to 4.8 nm at 4.2 K [41, 43] . Thus, the change of the temperature dependence of the spin-injection efficiency induced by different detection layers may affect the temperature dependence and the peak positions of the LSSE signals.
To check this possibility, we insert a Cu layer with a thickness of 2 nm between the Pt (W) and the YIG. We see that the σ LSSE of Pt (W)/Cu/YIG is reduced dramatically compared with that of Pt(W)/YIG, as shown in Fig. 4(a) . Effects of a signal reduction due to the Cu interlayer have been reported in both spin pumping experiments [33, 49] and SSE measurements [5, 7] . The inserted Cu between YIG and Pt partially suppresses the spin currents pumped into the Pt layer. A fraction of the accumulated spins in the Cu interlayer diffuse back to the YIG films or flip while the remainder is transmitted into the Pt detection layer, leading to the partial loss of the injected spin currents. Given the large spin mixing conductance of the all metal interface between Cu and Pt(W) and the large spin diffusion length in Cu [48] , the total amount of reduction is surprising and can be related to the interface with the YIG film, as we discuss further below. Most importantly, however, the LSSE peak positions of the two HM/YIG structures with the Cu interlayer are the same, ∼66 K [ Fig. 4(b) ]. Furthermore, they also exhibit the same temperature dependence, which is completely different from the Pt/YIG and W/YIG stacks. This allows us to unambiguously exclude temperature effects in the detector materials (Pt and W), and we can attribute the observed temperature dependence to the interface between YIG and the adjacent metals. From our results it is clear that the temperature-dependent LSSE is significantly changed by simply changing the interface in contact with the YIG. These unexpected results cannot be explained by the scenario of phonon-drag SSE due to the strong phonon-magnon interaction or any bulk effects [10, 12] .
Finally, to obtain a microscopic understanding of the measured signals and to trace the origin of different temperature dependences, we conduct transmission electron microscopy measurements on different HM/YIG interfaces. Figures 5(a) and 5(b) show high-resolution TEM images of YIG/Cu/Pt and YIG/Pt layer stacks, respectively. Inset into each image is a colored panel that indicates the elemental (Fe, Cu, Pt) distribution within the interfaces of the two samples, derived from scanning-TEM elemental mapping using EELS and EDS. The TEM analysis indicates the metallic films to be smooth, flat, and continuous across the substrate and the YIG films to have a high-quality epitaxial and crystalline relationship to the substrate, without evidence of, for example, granularity, columnar or three-dimensional growth, or substantial dislocation networks. The elemental maps reveal sharp interfaces between the HM layer (Pt or Cu) and the YIG films with layer thicknesses in good agreement with XRR results. The graphs of Figs. 5(c) and 5(d) are the integrated, normalized signals across the inset panels of Figs. 5(a) and 5(b) and they suggest subtle differences in interfacial structure. In the case of Pt/Cu/YIG, the iron and oxygen signals from the YIG rise in tandem, with a suggestion that the interface is oxygen terminated. The Pt trend appears to extend throughout the Cu layer, although we note that the data derive from noisier EDS scans and are statistically insignificant within the YIG. For Pt/YIG, on the other hand, the Fe signal of the YIG clearly rises before the oxygen signal, a trend repeated in a number of distinct data sets. Scanning TEM images (not shown) also indicate a slightly broader interface region between the crystalline YIG and the metal layer, perhaps because of the presence of a subnanometer region of intermixing. The experimental evidence therefore shows a difference in the interfacial structures between the HM layer and YIG films, suggesting that the different temperature dependences of the LSSE signals are influenced by interfacial effects. Furthermore, the drastic decrease of the signal due to the Cu interlayer can be explained by a different strength of the coupling of the magnonic spin currents in the YIG to the conduction electrons in the metal layer for YIG/Cu and YIG/Pt.
We note that the spin transmissivity probability can be spectrally dependent as well [48] . One can expect a large change of magnon transmissivity across the different interfaces when the magnon energy becomes comparable with the relevant energy scale of electrons [50] . Different interface conditions may change the spectrally dependent magnon transmissivity probability, leading to the observed interface-dependent LSSE signals. Interfacial damping may influence the spin pumping at the HM/YIG interfaces. It may play a significant role when the film is very thin. However, for our micron-range thickness films, we can ignore the influence of interfacial damping. To quantify the role of the possible sources that we identify, further work, including appropriate theoretical calculations, are necessary, which is beyond the scope of our present study. At the moment, to our best knowledge and upon consultation with leading theoretical groups, there are no experimental work or solid quantitative theoretical calculations to compare to our data. However, from the current experiment results, we can phenomenologically determine the transparency of the thermal magnons for different interfaces. We show that the larger LSSE signals and the lower LSSE peak temperatures are observed in the thicker YIG films, indicating that a larger amount of thermal magnons can reach the Pt/YIG interface and contribute to the detected ISHE voltages. In the identical YIG films, the thermally excited magnons are quantitatively the same for the same temperature gradient. Based on this analysis, we can conclude that the Pd/YIG interface, which shows the lowest LSSE peak temperature, possibly possesses the highest transmissivity for the thermal magnons which contribute to the detected LSSE signals, followed by the W/YIG, Pt(W)/Cu/YIG, and Pt/YIG interfaces. Our results clearly reveal that the interfaces between adjacent layer and magnetic insulators, as an important parameter for the LSSE, can dramatically influence the temperature dependence of LSSE, which was previously ignored.
IV. CONCLUSION
In summary, we report the temperature and thickness dependence of the LSSE for YIG single crystals and thin films with different capping layers for SSE signal detection.
Our results reveal a giant enhancement of the LSSE at low temperatures and the LSSE peak temperature is strongly dependent on the film thickness, showing a shift towards higher temperatures as the film thickness decreases. This dependence is distinct from the thermal conductivity measurements, indicating no dominating role of phononmagnon coupling for the studied LSSE. The LSSE peak temperature can be altered by the magnetic field, which causes a shift towards lower temperatures for higher magnetic fields. We interpret our results within the framework of pure thermally excited magnons in YIG based on the concept of temperature-dependent effective magnon propagation length, which can explain our results. Beyond the bulk properties, we identify the interfaces as a new major contributor to the temperature dependence of the LSSE signal. A significant change in the LSSE peak position is observed by choosing different capping layers. By TEM analysis of the interfaces, we show that the interfacial structure of YIG/metal films changes depending on the metal layer on top. This change of the YIG termination can be correlated with the amplitude and temperature dependence of the measured SSE signal. Thus, our results reveal that the temperature dependence of the LSSE is not solely governed by the magnetic material itself, as previously assumed, but is, in particular, influenced by the interface between the metal capping layer and ferromagnets, opening new paths to engineering the LSSE signals.
results of substantial field suppressions of the LSSE signals, supporting our results. Additionally, the theories of Diniz and Costa [51] and Cornelissen et al. [52] have recently reproduced our temperature and thickness dependence of the LSSE results, corroborating our experiments and extending the explanation of our observations. Moreover, we note that Prakash et al. [53] have shown interface and bulk effects in the spin Seebeck effect by inserting an antiferromagnetic NiO layer between the Pt and YIG. They argue that a thin NiO layer leads to a different temperature dependence of spin Seebeck signals, which is in a good agreement with our results. However, note that in their work, the bulk NiO properties also influence, in addition to the interface effects that we study here, the spin transport and the resulting measured signals.
APPENDIX A: SURFACE CHARACTERISTICS OF YIG FILMS AND HMs/YIG INTERFACES
The surface characterization of the LPE YIG samples we use in the present study is carried out by AFM. Figure 6 (a) shows a typical AFM image of a 50-μm-thick YIG film, which reveals a smooth surface with rms roughness of 0.34 nm over an area of 2.5 × 2.5 μm 2 . All the other YIG samples also show a similar surface smoothness with rms roughness below 0.5 nm. The interfacial smoothness is checked using x-ray reflectivity. Figures 6(b)-6(d) show the XRR interference of three HM/YIG hybrid structures. The fits to the XRR are in good agreement with the experimental scans, from which we can extract the thickness (t) of each layer and the interfacial roughness. The thickness is estimated to be t Pt ∼ 5.5 nm, t Pd ∼ 5.6 nm, and t Cu ∼ 1.9 nm, respectively, in a good agreement with the STEM results (Fig. 5) . The interfacial roughness is calculated to be 0.34, 0.52, and 0.54 nm for the Pt/YIG, the Pd/YIG, and the Pt/Cu/YIG interfaces, respectively. The XRR of the AlO x =W=YIG hybrid shows a rapid decay of signal due to the thick AlO x protection layer on top of W. To determine the thickness of the W layer, alternatively, we grow a W layer with the same thickness on sapphire. The fit to the XRR indicates the thickness of W is ∼ 5.2 nm (results are not shown). Our surface and interface characteristics indicate the negligible role in the pronounced differences between temperature dependences of the LSSE.
APPENDIX B: DETERMINATION OF TEMPERATURE DIFFERENCE ACROSS THE BILAYERS
Previous works [5] [6] [7] 10, 12, [15] [16] [17] [18] adopted the temperature difference (ΔT) across the hybrid structure from the thermocouples attached to the upper and lower copper plates. Inevitably, the differences in the thermal transport between each electronic component and the samples lead to an uncertainty for the precise determination of the real ΔT. In our experimental setup, the HM detection strips on the top and ground surfaces of the samples can be utilized as resistance-temperature sensors to determine the ΔT across the HM/YIG hybrids. Figure 7 shows the calibrated ΔT across the Pt/Cu/YIG hybrid structure as a function of temperature under the heating current of 7 and 9 mA applied to the resistive heater. ΔT is not a constant value across the whole temperature range. Instead, it varies with temperature, depending on the cooling rate of the cryostat and the heating power of the resistive heater. The temperature-dependent LSSE coefficients of each sample are calculated by considering the individual ΔT as a function 
